Abstract-One of the major challenges in protection of the inverter-interfaced islanded microgrids is their limited fault current level. This degrades the performance of traditional overcurrent protection schemes. This paper proposes a fault detection strategy based on monitoring the transient response of the inverter current waveform using a transient monitoring function. To enhance the ability of the proposed fault detection scheme, an auxiliary control system is employed in addition to the main control system of the inverter. The proposed scheme can also differentiate asymmetrical and symmetrical fault conditions from normal load switching events and is effective for various inverter topologies (i.e., three/four-leg), main current limiting strategies, and all reference frames of the multi-loop control system. The merits of the proposed fault detection scheme are demonstrated through several time-domain simulation case studies using the CIGRE benchmark low voltage microgrid network.
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I. INTRODUCTION
I
N RECENT years, the paradigm of active distribution systems is being realized by the innovations in the small-scale distributed energy resources (DER) such as microturbines, photovoltaics, wind turbines, fuel cells, and storage devices. The electronically coupled DER (EC-DER) units, commonly interfaced using a voltage-sourced converter (VSC), have been gaining popularity among industries and utilities due to their flexibility in providing controlled and high-quality power to loads and to the grid [1] , [2] . Microgrids, as an inherent part of the modern smart grids [3] , are an effective solution to alleviate the technical issues associated with high penetration of DERs [4] . A microgrid can operate in either grid-connected or islanded (autonomous) modes, thereby offering increased reliability and efficiency to the end user [5] , [6] .
Fault current values vary significantly between gridconnected and islanded modes of operation [7] , [8] . In the grid-connected mode, the fault current flowing from the host grid is comparatively large, which can easily trigger the operation of conventional overcurrent relays [4] , [9] . The main challenge arises in the islanded mode of operation in which the fault current contribution of EC-DERs is relatively small. This is due to the fact that during short-circuit faults, the inverter current is typically limited to 2-3 times the rated current, mainly using a current limiting strategy embedded in the inverter control system [10] , to prevent damage to semiconductor switches [11] . This condition is very different from the case of a synchronous machine, which generates fault currents 4-10 times the rated current [12] . Consequently, traditional relays may be ineffective for detecting the lower fault currents produced by the EC-DERs [13] .
One of the main requirements of a protection scheme is to detect fault conditions. Common fault detection methods in microgrids employ three electrical features: (1) voltage waveform features, (2) voltage or current symmetrical components, and (3) differential quantities. The first group works mainly based on either the network voltage drop in the microgrid [14] , [15] or the distortion in voltage waveform during a fault [16] . The former may maloperate during any voltage drop while the latter is not reliable because the inverter voltage waveform is not necessarily distorted for all fault conditions [10] . Harmonic distortion of current is also used in [17] and [18] to detect fault conditions. The second category of fault detection schemes usually works based on the zero-sequence current for grounding fault types and the negative-sequence current for double line faults [19] . These strategies can not detect a symmetrical fault and their performance are degraded due to the inherent unbalanced nature of distribution networks.
To address the shortcomings of the first and second fault detection categories, multifeature fault detection schemes are proposed [4] , [11] . Reference [11] proposes a fault detection strategy for voltage-and current-controlled VSCs in which unbalanced faults are detected by measuring the symmetrical components while three-phase faults are detected using the overcurrent/undervoltage protection scheme. Also, [4] employs network-wide voltage drop, instantaneous overcurrent relay, and symmetrical components of the current to detect solid and medium-impedance faults.
The third category schemes measure differential features to detect various fault conditions. The main features are the differential current [7] or the differential energy [20] . The latter is less sensitive to synchronization errors than the former. An impedance differential method is proposed in [21] to identify the fault instant. Through analysis of several differential features including RMS values, total harmonic distortion (THD), and symmetrical components of the voltage and current as well as power factor angles, [13] shows that the differential symmetrical components of current show the best performance in detecting faults. Unlike the first and second categories that use local features, a differential protection scheme needs a communication infrastructure.
The effects of inverter topology (three/four-leg), current limiting strategy, and adopted reference frame on the performance of a fault detection scheme constitute the motivation of this work as they are not fully addressed yet. This paper proposes a fault detection strategy for EC-DERs using only the local information. By monitoring the inverter current using a transient monitoring function (TMF), the proposed fault detection scheme can detect the transition from normal to fault operating conditions. Moreover, the proposed fault detection scheme uses the data obtained from the VSC control system. Specifically, the objectives of this paper are as follows:
• To investigate the effects of adopted reference frame, employed current limiting strategy, and inverter topology on the performance of two of the most used local fault detection schemes; • To identify a local feature for fault detection that is effective for various fault conditions; and • To distinguish a fault condition from load switching. This paper is organized as follows. Section II describes the DER control structure. The effects of inverter control system and topology on the two of the most used local fault detection schemes are studied in Section III. Section IV is dedicated to the proposed fault detection scheme. Section V presents the CIGRE low voltage (LV) benchmark microgrid network, which is used in the simulation case studies of Section VI to evaluate the performance of the proposed strategy. Finally, Section VII concludes the paper.
II. DER CONTROL STRATEGY
During the autonomous mode of operation of a microgrid, the frequency and voltage are not externally imposed by the main grid. In this case, at least one voltage-controlled VSC is required to regulate the voltage and frequency at the DER terminal. The VSC control system is usually implemented using a multi-loop control structure [22] , [23] , as shown in The current limiter block in the output of the voltage controller limits the inductor current reference to approximately 2-3 times the rated current to protect the inverter semiconductor switches [9] . These control loops can be implemented in the synchronous reference frame (SYRF or dq(0) coordinates), stationary reference frame (STRF or αβ(γ ) coordinates), or natural reference frame (NARF or abc coordinates) [24] . As the DC link capacitor between the primary source and the inverter is large, the DC output voltage remains almost constant during short transients; therefore, it is common to assume a constant DC input voltage [25] .
III. EFFECT OF VSC CONTROL SYSTEM AND TOPOLOGY ON FAULT DETECTION
Due to the low thermal inertia of VSCs, their current should be limited during fault conditions [9] , [26] . There are three main current limiting strategies for VSCs: instantaneous saturation, latched, and hybrid reference frame limitings. Limiting strategy, inverter topology, and reference frame of the control system play an important role in fault studies [10] . This section investigates the effect of these factors on two of the most used local fault detection schemes: (1) symmetrical components-based method and (2) THD-based method.
A. Instantaneous Saturation Limiting (ISL) Strategy
In the ISL strategy, the inductor current reference in each axis is limited as
where i th is the current threshold in the limiting strategy, which is adopted 2 pu in this work. Both network characteristics and VSC control system affect the magnitude and behavior of the fault current. Table I shows the effect of the ISL strategy on the negative-and zerosequence components as well as the THD of output voltage and current of VSC during various fault conditions across the load in Fig. 1 . The example test system of Fig. 1 is a three-phase 380 V, 50 Hz islanded system which includes a 10 kVA VSC and two parallel 3 kW resistive loads. The simulation results are obtained in different reference frames for 
Symmetrical components-based fault detection schemes usually employ the zero-sequence component of the VSC current for detecting ground faults while they use the negative-sequence component of this current for detecting two-phase faults. It is clear that the zero-sequence component is not available in the current of a three-wire system because there is no path (neutral wire) for this component. Thus, the zero-sequence component of the voltage should be employed for detecting ground faults in threewire systems. Moreover, symmetrical components-based fault detection schemes can not detect symmetrical faults. On the other hand, since control in each reference frame is performed in the specific coordinates, the values of negative-and zerosequence components are different in various fault conditions, as shown in Table I . For example, during an L-G fault when using a three-wire VSC, the negative sequence component of voltage for NARF is 0.27 pu while it is zero for SYRF and STRF. On the other hand, during the same fault condition, the negative sequence components of current for SYRF and STRF are 0.54 pu and 0.58 pu, respectively, while this component is zero for NARF. Such behavior makes it difficult to design a reliable symmetrical components-based fault detection scheme.
Additionally, as the ISL strategy clips the crest of the sinusoidal current reference during overcurrent conditions, the VSC output voltage and current waveforms are distorted. This distortion can be used as a feature for fault detection. The threshold for fault detection using THD of voltage is 8% as stated in IEEE standard 519 for systems with voltage levels lower than 1.0 kV [27] . As shown in Table I , THD-based fault detection schemes can detect most fault conditions. However, since clipping a DC signal yields another DC signal, these schemes fail to detect symmetrical faults in SYRF case. During unbalanced faults in the SYRF case, the current reference is clipped due to having a sinusoidal ripple occurring at twice the nominal frequency. Consequently, these faults can be detected by the THD-based fault detection scheme. Moreover, THD-based fault detection schemes fail to detect single-phase to ground faults in the SYRF and STRF cases in three-wire systems. Such systems either are not grounded or are grounded in a single point. In the first case, the fault current does not flow during single-phase to ground faults while in the second case, the fault current may not be large enough to exceed the current threshold. Unlike the SYRF/STRF case in which the control system does not include the zero-sequence component, this component of output voltage enters the voltage controller in the NARF case and increases the inductor current reference, as shown in Fig. 2 . Thus, the single-phase to ground faults in the NARF case can be detected by a THD-based fault detection scheme due to crest clipping of the current reference.
B. Latched Limiting (LL) Strategy
In this method, during a fault, the inductor current reference is replaced by a predefined current reference vector. This strategy is expressed in (2a) for the NARF case and in (2b) for the SYRF and STRF cases: 
where I ref L is the RMS value of the inductor current reference, and i lat L is the predefined current reference. Because the NARF case provides independent control of each phase, i ref
L
is replaced by i lat L only in the faulted phase(s), as described in (2a). Equation (2b) shows that during various fault types, the same current reference is applied in SYRF/STRF case. Table II presents the effects of LL strategy on the main features of local fault detection schemes during various fault types. As a predefined current reference is employed during faults, no clipping occurs and consequently the THD-based fault detection schemes fail to detect most fault types. During a single-phase to ground fault in the NARF case for a threewire system, the predefined current reference is employed only in the faulty phase and the current references in other two phases are produced by the voltage controller. Thus, the zero-sequence component of voltage increases the current reference. This current reference can not be tracked by the current controller because the inverter current is not high during a single-phase to ground fault, as discussed in Section III-A. Consequently, the voltage and current waveforms are distorted and the THD-based fault detection schemes can detect only this fault type. On the other hand, different values of symmetrical components of output voltage and current are again observed in various reference frames, as shown in Table II . Moreover, the predefined current reference developed by the LL strategy results in a different behavior of the symmetrical components as compared to the case of using ISL strategy with the clipped current reference (Table I) .
C. Hybrid Reference Frame Limiting (HRFL) Strategy
To address the drawbacks of ISL and LL strategies in limiting function, the HRFL strategy is proposed in [10] . In this strategy, during overcurrent conditions, the inductor current reference in the NARF case is reduced by a current limiting factor (CLF) as
where
To preserve the voltage magnitude controllability in healthy phase(s) in the SYRF and STRF cases, the main control system is replaced by an auxiliary control system implemented in NARF during overcurrent conditions. Therefore, the behavior of the studied features in the presence of HRFL strategy are the same in all reference frames, as shown in Table III . However, different values of symmetrical components, compared to the cases of using ISL and LL strategies, show the importance of considering the effect of the VSC control system in a reliable symmetrical components-based fault detection scheme. Moreover, due to proper limiting of the current reference, no distortion appears and THD-based fault detection schemes fail to detect all fault conditions.
IV. PROPOSED FAULT DETECTION STRATEGY
The study presented in Section III shows that symmetrical components-based fault detection schemes suffer from (1) inability in detecting symmetrical faults and (2) different behavior of symmetrical components of voltage and current when using various current limiting strategies, reference frames, and inverter topologies. Moreover, the inherent unbalanced nature of the distribution networks can lead to malfunction of this method [2] . THD-based fault detection schemes can not detect the following fault conditions either: (1) all fault types when using the HRFL strategy, (2) most fault types when using the LL strategy, and (3) single-phase to ground faults in SYRF and STRF cases in a three-leg VSC and symmetrical faults in the SYRF case for both three-and four-leg VSCs when using the ISL strategy.
To address these limitations, this paper employs a transient monitoring function [28] in which the input signal is monitored and any changes in its form is quickly detected. Fig. 3 shows a moving data window for a VSC current waveform before and during a fault condition for which TMF is computed. The length of the window is a key parameter affecting the performance of this approach; a longer window increases the accuracy but decreases the response time and process speed. In the first step, the fundamental frequency component of the VSC current waveform is estimated using the least square (LS) method [28] . During normal conditions, the actual signal and its reconstruction from the estimated fundamental component match. As shown in Fig. 4 , when a fault occurs, the inverter current changes instantaneously, which causes deviation from the reconstructed signal due to the following: (1) in the fault instant, the related windows contain both pre-and post-fault data, as shown in Fig. 3 and (2) the added components to the fault current owing to fault occurrence are not available in the defined model of the signal in the LS approach. Consequently, by defining a proper TMF, this transition from normal operation to faulty condition can be detected. The mathematical description of LS-based TMF is described in the remainder of this section.
A. Transient Monitoring Function
Consider the measured VSC current signal to be processed as
where N is the maximum harmonic order of the signal. s n (t) are known signals and c n are the unknown coefficients. The common choices for the signals s n (t) are
where ω 0 is the fundamental frequency of the VSC current. Thus, (5) can be written as
In the first step of the proposed method, the current signal is sampled with a sampling period of T s . The discrete form of (5) is
where m k is kth component of the current measurement vector M:
where K is the number of samples within one cycle. Then, the fundamental frequency component of the VSC current is estimated using the LS technique. For this purpose, (8) can be written in vector form as
where C 1 = c 1 , c 2 T and S 1 is the discrete form of the first two rows of (6):
The LS solution C 1 for the estimation of coefficients is
Using (12), the reconstruction of the current samples M can be calculated from the estimate C 1 as
If M is not close to M, it indicates departure from the normal conditions, which is possibly caused by a fault. The difference can be calculated as
where the residual is R = r 1 , r 2 , . . . , r k T . TMF is defined as the sum of the absolute values of r k over one cycle, i.e.,
B. Fault Detection Scheme
The change in the inverter current as a result of a fault causes the reconstructed samples of inverter output current waveform to deviate from their actual values. In such conditions, TMF is large because the data window includes both pre-and post-fault data. To properly detect this transition, the maximum value of TMF among three phases is calculated as
Fig . 5 shows the flowchart of the proposed fault detection scheme. A fault condition is verified when d > d th , where d th is the threshold for fault detection. To distinguish a fault condition from a load switching event, d th should be properly selected. A potential challenge is that during a single-phase to ground fault in a three-wire system, the inverter output current is not a reliable feature. This problem is not present when the inverter control system is implemented in NARF because the zero-sequence component of the voltage increases the unlimited inductor current reference significantly. To address this issue, this paper proposes to use a parallel voltage controller implemented in NARF when the main control system is implemented in SYRF/STRF for three-wire systems. As shown in 6 shows the single-line diagram of the CIGRE benchmark LV microgrid network [29] as the study system. This system is proposed initially in the EU project "Microgrids," and CIGRE later selected it as a benchmark LV system. The CIGRE benchmark represents common LV (four-wire) distribution feeders with a variety of load types and includes six DER units. The overhead LV feeder serves a suburban residential area. DERs 4 and 5 as well as loads 3 and 7 are single phase. To show the performance of the proposed fault detection scheme in three-wire systems, the CIGRE benchmark LV microgrid is also simulated with three wires. As the three-wire systems usually are balanced, the three-wire CIGRE benchmark LV microgrid is modified as a balanced network, as previously done in [30] . In this study, the control systems of DERs 1, 4, and 5 are implemented in NARF, and the control system of DER 3 is implemented in STRF, with the proportional + resonant voltage controllers as
. Also, the controllers of DERs 2 and 6 are implemented in SYRF, with the proportional-integral voltage controllers as G v (s) = k pv +k iv /s. The voltage controllers employ the conditional integration Table IV . 
VI. STUDY CASES AND SIMULATION RESULTS
In this section, several case studies are performed to illustrate the performance of the proposed fault detection scheme. The simulation studies for both three-and four-wire configurations of the study microgrid system are performed in MATLAB/Simulink environment. The developed scenarios include asymmetrical and symmetrical faults and load switchings at various sections of the test system. The sampling rate of the current signal is 20 samples per 50 Hz cycle, i.e., T s = 1 ms. Table V presents the performance of the proposed TMF-based fault detection method during various solid fault conditions at F1, F2, and F3 in CIGRE benchmark LV microgrid for both three-and four-wire configurations when various current limiting strategies are employed in DER controllers. The DERs have different responses depending on the location and severity of the fault. Detecting the fault condition by at least one DER satisfies the aim of this paper which is the fault detection in the study microgrid. Table V, compared with  Tables I-III , shows the effectiveness of the proposed method in detecting all fault conditions. The results of both three-phase and single-phase load switchings are also presented in Table V to show the ability of the proposed fault detection method in differentiating these events from a fault condition.
Adoption of proper threshold plays an important role in the performance of the proposed method. When a transient event occurs, d changes based on the severity of the event. As shown in Table V , d values for the fault conditions are larger than those for the four biggest load switchings. In the cases of load switchings, the maximum value of d for the three-wire system is 4.60 pu while it is only 1.86 pu for the four-wire configuration. Consequently, adopting d th = 5 pu guarantees proper operation of the proposed TMF-based fault detection method for the study system. Four case studies, 1) two-phase fault at F1, 2) single-phase to ground fault at F2, 3) three-phase to ground fault at F3, and 4) load 2 switching, are investigated with more details as follows. All scenarios start at t = 2 s.
A. Case 1: Line-to-Line Fault
The objective of this case study is to evaluate the performance of the proposed fault detection scheme during an asymmetrical fault in the four-wire study microgrid with HRFL strategy employed for all DERs. A two-phase fault is simulated in the middle of the feeder of DER 3 (F1 in Fig. 6 ). As shown in Fig. 7 , the transition from pre-fault to post-fault conditions is detected by d calculated from the output current i o of DER 3 and it reaches 11.3 pu. The proposed strategy only takes about 2 ms to exceed d th . Due to the action of HRFL strategy, the inverter current is sinusoidal after fault inception instant and consequently d returns to about zero during the fault. For the same fault condition in the three-wire system, d increases to 10.8 pu, as shown in Table V , which confirms the effectiveness of the proposed method in detecting L-L faults for both three-and four-wire configurations.
B. Case 2: Line-to-Ground Fault
This case study evaluates the ability of the proposed scheme for detecting a single-phase to ground fault (F2 in Fig. 6 ) in the three-wire study microgrid system in which all DERs are equipped with the ISL strategy. Fig. 8 study is about 3 ms. It should be noted that the action of ISL strategy distorts the inverter current reference during the fault and the fit of the estimate to the data is not good. Consequently, the magnitude of d does not return to zero, rather it is about 2 pu during the fault. In the case of this fault condition in four-wire configuration, d calculated from i o exceeds the threshold as it reaches 7.15 pu, as shown in Table V .
C. Case 3: Three-Phase Line-to-Ground Fault
Detection of symmetrical faults is the most challenging problem for local fault detection schemes. To demonstrate the effectiveness of the proposed scheme during these faults, a three-phase line to ground fault is simulated across load 5 (F3 in Fig. 6 ). In this case, the three-wire study microgrid system is adopted in which all DERs employ the LL strategy. Fig. 9 shows the simulation results for this case study. (obtained from the main voltage control which is in NARF) increases to 220 pu and exceeds its threshold after about 1 ms. The high value of d is due to (1) calculating d using the unlimited current reference in three-wire systems, (2) high voltage control proportional term of DER 5 controller, and (3) high current distortion in the first cycles after fault inception. The actual and reconstructed signals match during the fault because the inverter current is sinusoidal and the estimation is properly done. In the four-wire configuration, the proposed method can also detect this fault condition because d calculated from the output current i o reaches 42 pu, as shown in Table V .
D. Case 4: Three-Phase Load Switching
To verify the proper operation of the proposed fault detection scheme in the case of load switching, another case study is established in which load 2 (the largest load of CIGRE benchmark) is switched on at t = 2 s. For this scenario, the four-wire study microgrid system is adopted and HRFL strategy is implemented for all DERs. As shown in Fig. 10 , due to the smooth transition of the inverter current to new condition in this case, d calculated from the output current i o of DER 2 reaches only 1.2 pu and does not exceed its threshold. Table V shows that for the same load switching event in three-wire configuration, d calculated from i ref L (obtained from the auxiliary voltage control implemented in NARF) increases only to 1.4 pu which shows that the proposed fault detection scheme has no malfunction during a load switching for both three-and four-wire configurations.
VII. CONCLUSION
The motivation of this paper is to study the effect of inverter topology, current limiting strategy, and adopted reference frame on the performance of fault detection schemes for inverter-interfaced autonomous microgrids. Analysis of two of the most used local fault detection schemes shows that their performance degrades in some fault conditions. The developed fault detection scheme employs the transient monitoring function calculated from the inverter current as a local feature. For the SYRF and STRF cases in three-wire systems, an auxiliary control system implemented in NARF is developed to increase the ability of the proposed scheme in detecting a single-phase to ground fault. In these cases, the inverter current reference given by the parallel voltage control is employed to calculate TMF. The proposed fault detection scheme does not require communication links and can be implemented in microprocessor-based relays. It can also distinguish a symmetrical/asymmetrical load switching from a fault condition because the former has smooth transition to the new conditions and does not change TMF significantly. Equally importantly, the developed fault detection scheme is effective for both three-and four-leg inverters, all main current limiting strategies, and all reference frames. Several symmetrical and asymmetrical fault scenarios performed on the CIGRE benchmark LV microgrid network verify the effectiveness of the proposed fault detection scheme.
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